Even though soil degradation challenges sustainable development, the use of degradation indicators such as nutrient export (NE) and nutrient replacement cost is not well documented at landform level. This study is aimed to investigate the extent of soil degradation, NE rates, and their replacement cost across landforms in the Mai-Negus catchment, northern Ethiopia. Different erosion-status sites (aggrading, stable, and eroded) in the landforms were identified, and soil samples were randomly collected and analysed. Nutrient export, replacement cost, and soil degradation were calculated following standard procedures. This study showed that soil degradation in the eroded sites ranged from 30 to 80% compared to the corresponding stable site soils, but the highest was recorded in the mountainous and central ridge landforms. Average NE of 95, 68, 9.1, 3.2, 2.5, and 0.07 kg ha −1 y −1 for soil calcium, carbon, nitrogen, potassium, magnesium, and phosphorus, respectively, was found from the landforms. Significantly strong relationships between NE and sediment yield in the landforms were observed. Annual nutrient replacement costs varied among the landforms though the highest was in the reservoir (C9204 in May 2010). This study thus suggests that while introducing antierosion measures, priority should be given to erosion sources to the reservoir such as mountainous and central ridge landforms.
Introduction
Soil erosion is a challenge for sustainable agricultural development in many developing countries [1, 2] . The problem is more serious in the Ethiopian highlands such as the Tigray region [3] [4] [5] . Inappropriate agricultural practices, high population pressure from human and livestock, higher rainfall intensity, and rugged topography have been reported as the main facilitators for having severe erosion [6, 7] .
In the Tigray region, average soil loss by erosion on cultivated land is more than 49 t ha −1 y −1 [8] , which exceeds the average soil loss of 42 t ha −1 y −1 for Ethiopia as a whole [3] . Such soil loss through water erosion is almost always accompanied by losses of essential soil nutrients. Erosion is selective for fine soil particles, which are relatively richer in soil nutrients [9, 10] . In line with this, Stoorvogel and Smaling [11] and UNDP [12] reports showed that compared to rates in sub-Saharan Africa, Ethiopia has the highest soil nutrient outflow rates of 60 kg ha −1 (30 kg ha −1 nitrogen and 15-20 kg ha −1 phosphorous), while inflows from fertilizers are very low (<10 kg ha −1 ). In the long term, such soil nutrient losses by erosion adversely affect soil productivity of the source areas and are expected to lead to an increase in nutrients in the deposition areas [9, 10] .
Nutrient export rates can well describe the level of soil nutrient degradation in the source soils and the enrichments in the deposition sites [13] . Despite such utility, the rate of soil nutrient export as a means of assessing degradation from different landforms in a catchment considering different erosion-status sites has not yet received research attention. However, such research is pertinent to the development of site-specific strategies targeting the source sites.
Other studies have shown that erosion and deposition processes can significantly contribute to the variability of fine soil particles and the associated nutrient exports from catchment topography [14, 15] . Soil erosion and sediment delivery processes, which are responsible for high sediment transport and the associated export of sediment-bound nutrients to deposition areas in a catchment, are influenced by landscape characteristics [13] . In line with this, studies on nutrient balances in Ethiopia indicate that the balance at farm level is more positive than plot level [11, 16, 17] , while losses from some fields may be of benefit to other fields. This may be attributed to the effect of nutrient redistribution by erosiondeposition processes or to active nutrient transfers by farmers.
Studies of erosion-induced changes in soil properties at the field scale have constantly shown that soil texture, surface soil organic carbon, nitrogen, and phosphorus concentrations are higher in areas of soil deposition compared to areas of soil removal by erosion [18] . Assessing the effect of erosion on soil properties variability as a result of nutrient export from catchment landforms can provide more meaningful results. This study aims to (1) assess soil nutrient depletion and soil physical degradation comparing the eroded and stable-sites soil, (2) examine the rate of soil nutrient export considering the aggrading and eroded erosion-status sites in the landforms of the Mai-Negus catchment, northern Ethiopia, and (3) quantify the costs of soil degradation associated with nutrient losses through water erosion at landform and catchment scale and extrapolate the findings to the Tigray region and highlands of the country.
Materials and Methods

Study
Site. This study was conducted in the MaiNegus catchment in the Tigray region of northern Ethiopia (Figure 1) . The catchment has an area of 1240 ha and altitudes ranging from 2060 to 2650 m a.s.l. It has a mean annual temperature of 22 ∘ C and precipitation of 700 mm. Most of the rainfall (>70%) occurs in July and August. Land use is predominantly arable, with teff (Eragrostis tef ) being the major crop along with different-sized areas of pasture land and scattered patches of trees, bushes, and shrubs. The major rock types are lava pyroclastic and metavolcanic. Soils are mainly leptosols on very steep positions, cambisols on middle to steep slopes, and vertisols on flat areas.
Terrain Assessment.
In this study, field reconnaissance surveys were carried out to gain an overall image of the catchment characteristics (Table 1) . Data were collected from June to December 2009. The landforms in the catchment ( Figure 1 ) were developed in ArcGIS software using field survey-based data in combination with the information from the topographic map. Considering elevation, slope, geology, and geomorphologic characters (surface flows, alluvial, and colluvial deposition), the catchment topography is classified into six main landforms (Figure 1) , namely, valley (19% of the catchment area), plateau (8%), rolling hills (9%), central ridge (27%), escarpments (29%), and mountainous (6%).
The reservoir was considered a separate landform in the catchment and is located at the toeslope of the catchment. Sediment deposition in the reservoir was used to estimate the level of soil degradation, nutrient export rate, and the associated replacement costs from the entire catchment. Deposition sites in the other landforms of the catchment were used to assess soils deposited on the way to the reservoir after being transported from the original place towards the outlets of the landforms. Generally, during the field survey, three sites, namely, deposition/aggrading, stable, and eroded erosion-status sites in the six landforms of the study catchment were identified using standard geomorphological procedures of erosion-deposition indicators.
Erosion-Status Site Selection and Soil Sampling Points.
Representative erosion-status sites (aggrading, stable, and eroded) and the corresponding soil sampling points ( Figure 1 ) were selected in four steps. A reconnaissance survey on land use, lithology, soil types, slopes, and elevation ranges of the landforms (Table 1) , followed by informal discussions with farmers and development agents to gain insight on land use history as well as land-and crop-management practices, was carried out. Subsequently, erosion-status sites were selected using soil morphology such as thickness of alluvial/colluvial deposits and degree of truncation of the top soil horizon (soil profile) and erosion indicators (rills, gullies, surface sheet wash, exposure of roots and stones, and depositions). In the stable sites, slopes are flat to gentle, and there is little evidence of soil truncation or deposition, indicating that soil loss and gain is more or less balanced. The eroded sites were identified based on a combination of erosion indicators and features associated with soil profile truncation. When aggrading sites were selected, depression areas that received sediment from upper slopes and erosion channels were considered. Finally, representative soil/sediment sampling points of the erosion-status sites were located and georeferenced. Composite samples were randomly collected from sampling grid areas ranging from 150 to 300 m 2 for each soil sampling point in the erosion-status site. Each site had two soil sampling points, and 5-8 composite samples were collected at 0-20 cm soil depth. The composite samples (weighted 500 gm each) were pooled and mixed thoroughly in a basket manually. A subsample of 500 g was taken for analysis after being air dried and sieved to pass through 2 mm sieve. A total of 36 soil samples (6 landforms × 3 erosionstatus sites in each landfrom × 2 sampling points), and 6 sediment samples from the reservoir resulted in a grand total of 42 samples for analysis.
The sampling point selection in the reservoir took into account the sediment depth variability, flow source, outflow, and length of time where water was in the reservoir. There was no water at the selected sampling points in the reservoir on the second week of June 2009. For the sampling points identified in the reservoir, 6 representative pits with depths ranging from 1.0 to 2.5 m were dug down to reach the interface with the original soil. Then three composite samples were collected from the entire depth of each pit. The samples from each pit were pooled and mixed thoroughly in a basket, and a subsample of 500 g was taken for analysis.
Soil/Sediment
Analysis. Soil/sediment samples were determined for texture using the Bouyoucos hydrometer method [19] , bulk density (BD) by core method [20] , organic carbon by Walkley-Black method [21] , available phosphorus (Pav) by Olsen method [22] , and total nitrogen (TN) and total phosphorus (TP) by Kjeldahl Digestion method [23] . Cation exchange capacity (CEC) is determined by ammonium acetate extraction buffered at pH 7 [24] . Exchangeable bases (calcium, Ca; magnesium, Mg; potassium, K) were analyzed after extraction using 1 M ammonium acetate at pH 7.0. Iron (Fe) and zinc (Zn) were determined using 0.005 M diethylene triamine pentaacetic acid extraction by the method described in Baruah and Barthakur [25] .
Estimation of the Extent of Soil Degradation.
Soil nutrient and soil physical degradation were assessed based on the differences in the content of the soil nutrients and fine soil particles in the stable and eroded sites. The stable site soils were used as a reference. The magnitude of degradation was similarly calculated as the ratio of the difference in the content of the soil properties between the stable and eroded sites to the reference soils.
Quantification of Nutrient Export Rate Associated with
Water Erosion. The nutrient export (NE) to the reservoir associated with runoff and sediment and to the hypothetical deposition areas on the way to the reservoir at the outlets of the landforms was calculated using equations defined in Verstraeten and Poesen [26] as NE = SM * NC * * NTE * 10 ,
where NE is the nutrient export (kg ha −1 y −1 ) from the entire catchment to the reservoir, NE is the nutrient export (kg ha −1 y −1 ) to the outlet of each landform in the catchment, SM is total sediment mass (ton), NC is average nutrient content (ton of nutrient per kg of sediment), is drainage area (ha), is duration (age) of sediment accumulation which was 16 years for the reservoir, SV is total sediment volume (m 3 ), dBD is dry bulk density (ton m −3 ), and SSY is area-specific sediment yield (t km −2 y −1 ). The nutrient trap efficiency (NTE) of the reservoir or the depositional areas in the landforms is assumed to be equal to sediment trap efficiency (STE in %). The parameters used for the calculation of nutrient export rates are presented in Table 2 .
An empirical model was used for the verification of the information gathered through discussions with the farmers on the condition of outflow from the reservoir for determining STE. The STE was calculated on the basis of the formula given in Verstraeten and Poesen [26] as
where is reservoir storage capacity (m 3 ) and is catchment area (km 2 ). has constant values ranging from 0.046 to 1 with a mean value of 0.1. In this study, considering the scarcity of local information for defining a value of , a value of 0.1 was used.
The nutrient trap efficiency was considered to be equal to the sediment trap efficiency (STE) as (1) no spillage occurred except in one season in 2007, (2) the stored water is used for irrigation during the dry period once the sediments and nutrients have settled in the reservoir, and (3) soil nutrients are mainly transported bound to sediment, as soil nutrient solubility is low in the soils of the region [13] . Such assumptions imply that both nutrients and sediments are assumed to have the same chance of being trapped in the reservoir. Similar assumptions were also used in past studies while estimating the STE of different reservoirs in the Tigray region catchments [13] .
The area-specific sediment yield (SSY) of the reservoir was determined based on the field survey of sediment depth measured. Spatially distributed sediment depths (bold dots) were located within the reservoir (Figure 2 ) based on visual observation of sediment size, pattern, and depth. Augering was also conducted to assess the sediment thickness (pit depth). Differentiation between bottom in situ material and newly deposited sediment was easy due to sediment stratification. The sampling pits were georeferenced and then interpolated using Thiessen polygonsin ArcGIS to calculate [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . SSY coming from the whole catchment area (12.40 km 2 ) was calculated after the depth of the spatially distributed pits opened in the reservoir sediment was measured, georeferenced, and then interpolated through Thiessen polygons in a GIS environment.
SSY for each polygon using the equation defined in Tamene [8] . However, the SSY of the landforms in the study catchment was estimated from the Soil and Water Analysis Tool (SWAT) model simulation result of the subbasins. The model takes into account transfers of SSY using routing procedure between landforms, for example, from mountain to plain land. The SWAT model was calibrated, validated, and assessed for uncertainty using Nash-Sutcliffe coefficient (>0.5) and coefficient of determination (>0.6). Such model efficiency values indicated that the model is adequate for prediction in the study catchment conditions. The details of the model evaluation result can be found in Tesfahunegn [27] .
Distributed sediment delivery ratio (SDR) estimation is necessary for different landscape positions (landforms). A simple approach to estimate SDR is defined by Tamene [8] as
where SDR = SDR of a land cell (landform); HD = elevation difference between a land cell at a given point and the associated main stream outlet cell in the landform; SL = length of the flow path between the inlet and the main channel outlet of a landform. To estimate the distributed SDR values for each landform using (3), the study catchment was first subdivided into different landforms. The STE of the landforms was found after the SDR was estimated and assumed to be equivalent to the sediments not delivered into the outlets of the landforms. Annual sediment mass deposition (SM, ton) was calculated by multiplying SSY (t km −2 y −1 ) by the area of each landform. There was no sediment trapping structure in the six landforms during the study period. In the presence of impoundments, the trap efficiency can be higher than the assumption used in this study. Generally, the procedure for estimating sediment trap efficiency at the outlets of the landforms was considered to be similar to the sediment not delivered, and comparison of SM among the landforms for priority setting is thus scientifically unbiased. In addition, in the absence of other reliable alternative procedures for determining STE in landforms within catchments and subcatchments without reservoirs and ungauged measurements, the use of the present approach and assumption can support for site-specific decision-making processes.
The measured sediment volumes were converted to sediment masses using the mean value of the bulk density determined for each landform. To determine the mean bulk density, duplicate undisturbed sediment core samples were collected from the six pits at the dry-bed reservoir. For the other landforms, mean bulk density was determined using core samples collected from the deposition sites at 0-20 cm depth.
Costs of Nutrient Loss through Erosion.
To assess the costs of sediment-associated nutrient losses, a "replacement cost" approach has already been applied to compare among different catchments [13, 28] . However, there is still an information gap with regard to the application of such approach to landforms within a catchment with and without reservoir. In this study, the loss of nutrients associated with water erosion was calculated using the equivalent price of commercial fertilizers, for example, urea and di-ammonium phosphate (DAP). First, the nitrogen (N) and phosphorous (P) export rate from each landform and the entire catchment to the reservoir was assessed. Second, the P value was converted to an equivalent P 2 O 5 value and then to DAP fertilizer. Third, the amount of N for DAP was estimated from the N exported. Fourth, the remaining N exported was converted to urea fertilizer. Finally, the cost of nutrient export was estimated in terms of the money required for replacing the nutrient losses as urea and DAP fertilizer. The local price in May 2010 for urea and DAP was used to estimate the replacement cost of the exported nutrients. The price of 100 kg of DAP was 360 Ethiopian Birr currency (ETB) (C21. 18) , and that of 100 kg urea was 320 ETB (C18.82). The replacement cost in the catchment was projected to the scale of the Tigray region and Ethiopian highlands. 
Data Analysis.
Data were subjected to one-way analysis of variance (ANOVA) using SPSS 18.0 release software [29] . The landform was considered as a group variable. Normality and homogeneity assumptions of ANOVA were checked. Means were separated using the least significant difference (LSD) and tested by all-pairwise comparisons at probability level, ≤ 0.05. Both SPSS and Excel sheets were also used for descriptive statistics and regression analysis.
Results and Discussion
Extent of Soil Degradation across the Landforms.
To assess the extent of soil degradation in the landforms, soil parameters in the eroded sites were compared with that of the stable site soils (reference soils). Soil parameters values below the level of the stable site soils indicated that the extent of soil degradation is higher than aggradation. Accordingly, a high level of soil degradation was observed across the landforms for all soil parameters, but the highest was observed in the mountainous and central ridge landforms (Figure 3) . The level of soil degradation for most soil indicators in the eroded sites of the central ridge and mountainous landforms ranged from 50 to 80% compared to the corresponding stable site soils. The soil nutrients of OC, TN, and Pav were among the most degraded parameters across the landforms. In agreement to this study, the finding in Haileslassie et al. [30] indicated that soil erosion accounted for losses of TN by 70% and Pav by 80% while assessing nutrient balance at a regional scale in Ethiopia.
The landforms with less degraded soils were the plateau followed by the valley and escarpment, where soil nutrients degraded in the range of 30-40% as compared to the stable site soils (Figure 3 ). The magnitude of physical degradation as silt was higher than that of clay and ranged from 19% in the plateau to 69% in the mountainous and central ridge landforms. The reason could be attributed to higher susceptibility of silt to erosion processes. However, this study showed that soil nutrient degradation is higher than soil physical degradation in the study catchment landforms. Thus, appropriate interventions that improve the soil nutrients should be introduced in the landforms.
Evaluation of Nutrient Export Rate Associated with Sediment
Yield. This study showed that soil nutrient export rates were significantly ( ≤ 0.05) varied among most landforms (Table 3) . On average, nutrient export rates (kg ha −1 y −1 ) of 95 for Ca, 68 for OC, 9.1 for TN, 3.2 for K, 2.5 for Mg, and 0.07 for Pav were observed in the landforms. But the export rate from the entire catchment to the reservoir was significantly higher than the average of all landforms and even the values of the individual landforms (Table 3 ). This could be attributed to the fact that the reservoir is the largest sink for sedimentattached soil nutrients exported from the hotspot erosion sources in the entire catchment. This was followed by the valley, which received sediment coming from the upstream landforms. Sediment from all other landforms is routed through the valley, and then finally to the reservoir. Generally, this study indicated that from the erosion source areas, large Table 3 : Nutrient export rate associated with sediment yield across the landforms in Mai-Negus catchment, northern Ethiopia.
Landform
Rate of nutrient export (kg ha amounts of soil nutrients are exported to the deposition sites in the same or other landforms. Such erosion processes are aggravated by terrain characteristics (e.g., slope), high gully networks, poor soil cover, and conservation measures, which have been reported as the main controlling factors for the rate of sediment yield variability in the Tigray catchments [8, 31] . The nutrient export rate from the valley was higher than the remaining landforms except the reservoir even though the valley is located at a place where losses can be compensated by imports from the upstream landforms (e.g., mountainous and central ridge). The higher nutrient export from the valley seems to be inconsistent with the point that this landform showed the largest sediment deposits (due to flat slope) next to the reservoir. But the fact for being higher nutrient export by erosion is that the valley received sediment coming from all the other landforms by sediment routing procedure, and such amount of sediment is beyond the capacity of this landform to deposit. Thus, introducing appropriate interventions to the upstream landforms (sources of erosion) that reduce sediment due to water erosion can be the remedy for decreasing the higher nutrient export from the valley landform.
The nutrient export rates from the other landforms showed a well-defined pattern; for example, the mountainous followed by the central ridge landform exported large amounts of nutrients to the valley. Most rates of soil nutrients exported to the aggrading sites in the mountainous area, central ridge, and valley landforms were not significantly ( > 0.05) different (Table 3 ). This indicated that the mountainous and central ridge could be the major sources of the sediment-attached nutrients exported to the valley landform and thereby to the reservoir. The nutrient export rate to the reservoir associated with sediment is higher in the present study catchment when compared to the mean of 13 other catchments in the Tigray region reported by Haregeweyn et al. [13] . However, the nutrient export rate in this study is lower than the findings reported in other subSaharan Africa such as Ghana by Amegashie [32] . A significant ( < 0.05) and high coefficient of determination ( 2 ), that is, 0.87, 0.85, 0.83, 0.78, 0.73, and 0.68 for Ca, Pav, K, TN, OC, and Mg, respectively, was observed between the nutrients exported and area-specific sediment yield (SSY). This indicated that the SSY accounted for between 68 and 87% of the variability in the nutrients exported across the landforms. The significant and strong relationships between nutrient export and SSY illustrated that erosion could be the main responsible factor for sedimentattached nutrient export variability among the landforms in the catchment, regardless of the inherent variability of the original soils. Generally, hydrological processes such as erosion can be affected by variability in soil properties, topography, land use/cover, and human-induced changes, and these in turn affect the soil nutrient distribution in landforms [8, 27] . The 2 (0.68) for the relationship between Mg and SSY in this study is higher than the 2 (0.29) reported in the same study region but in different catchments in Haregeweyn et al. [13] . Some, among the 13 catchments, showed lower nutrient export rates than those estimated for the landforms of this study, and others showed higher nutrient export rates. Despite such differences, the nutrient export rates calculated in the previous and present studies deviated by <15%, which indicates that the present results hardly under-or overestimate the nutrient export associated with sediment yield. Hence, scaling-up of the present approach to catchments or subcatchments without reservoirs to assess sediment-attached nutrient export is applicable for management planning.
Cost of Soil Nutrient Degradation Caused by Erosion.
This study presented the replacement costs related to N and P exported by water erosion from the different landforms of the catchment (Table 4) . Taking the average value of all landforms may underestimate the replacement cost for the entire catchment as the nutrient transported to the aggrading sites in the landforms was calculated based on the assumption of minimum sediment delivery. The sum of all landforms may also overestimate the replacement cost, because part of the exported nutrients from the upper landforms can be routed to the reservoir and the remaining deposited on the way to the reservoir. We therefore restricted the calculation to nutrients exported to the reservoir from the entire catchment while extrapolating the result of this study. The total replacement cost as urea and DAP for the soil nutrients exported (N and P) from the erosion source areas of the entire study catchment to the reservoir was 126 ETB ha −1 y −1 (C7.40 in May 2010). This value was followed by the valley landform, where the cost was 82.50 ETB ha −1 y −1 (C5.00). The lowest total replacement cost for the same nutrients exported to the outlet of the plateau landform was 27.70 ETB ha −1 y −1 (C1.60), followed by the rolling hills of 30.00 ETB ha −1 y −1 (C1.80) ( Table 4 ). The average replacement cost for all landforms including the reservoir was 64.70 ETB ha −1 y −1 (C3.80), which was lower than the replacement cost for the reservoir.
The replacement costs estimated for rolling hills, plateau, and escarpment landforms in this study are consistent with the costs estimated by FAO [33] for cropped areas, as they are within the range of 29 to 44 ETB ha −1 y −1 (C1.70-2.60 in May 2010). But when compared to the replacement costs quantified for the other landforms, the report by FAO [33] underestimated the cost that replaces the nutrients exported (N and P) as a result of erosion. Alternatively, the replacement cost in the remaining landforms including the reservoir was within the range of the replacement costs estimated for the 13 reservoir catchments in the Tigray region by Haregeweyn et al. [13] , regardless of the differences in the foreign currency exchange rate across years.
The total nutrient replacement cost for the entire study catchment (Mai-Negus) was calculated using the cost required to replace the nutrient exported to the reservoir multiplied by the catchment area of 1240 ha, that is per annum 156,476 of ETB (C9204 in May 2010). Extrapolation the nutrient replacement cost to the Tigray regional state with a total area of 53,000 km 2 ranged from 632 million ETB (C37.2 million) to 700 million ETB (C41.2 million) and for the Ethiopian highlands that covers 490,000 km 2 is estimated from 6.2 billion ETB (C364 million) to 7.0 billion ETB (C412 million), which are quite impressive figures for researchers, planners, and decision and policy makers to come up with suitable erosion controlling measures. The replacement cost for the Ethiopian highlands accounts for about 8% of the Ethiopian national annual budget in 2010/11, which is almost twice the Tigray region (northern Ethiopia) annual budget. The above-mentioned replacement costs will become higher if other nutrient losses (e.g., OC, cations) and the losses in physical soil attributes are included. In general, the results of this study can be considered as an indication of the need to implement well-defined and appropriate land use redesign, and soil and water management practices in order to reduce costs related to nutrient replacement, while maintaining sustainable soil productivity in the landforms. The use of inorganic fertilizer as part of the soil management practices is indispensable to replace such nutrients losses. However, this has to be complemented with organic amendments as organic matter sources are locally available. It is also now widely recognized among experts and policy makers that the increasing application of fertilizer at the current prices is not affordable by most farmers and possibly by the government and requires foreign exchange to import fertilizers.
Conclusions
This study showed that the level of soil degradation ranged from 30 to 80% in the source soils (eroded site) when compared to the stable sites by the effect of soil erosion. But the severity of degradation was higher in the central ridge and mountainous landforms, which are the main sources of sediment to downstream landforms. The nutrient export rates of OC, TN, Pav, K, Ca, and Mg showed variability among the landforms, even though significantly higher values were exported into the reservoir. A strong and positive relationship between nutrient export rates and sediment yields also indicated that erosion plays the prime role for nutrient export into the aggrading sites in the landforms. In addition, this study indicated that an annual nutrient replacement cost varied across the landforms, with the highest in the reservoir followed by the valley, mountainous, and central ridge landforms. This study thus supports in identifying and prioritizing landforms which are sources of higher nutrient export rates and thereby higher soil degradation, while introducing remedial technologies. The technologies should be targeted to improving soil resistance to erosion and retaining the soil in place just after detachment by raindrops and before transport by runoff from the erosion source areas in the landforms of the study catchment.
